Aim/hypothesis The aim of the study was to investigate mitochondrial function, fibre type distribution and substrate oxidation in arm and leg muscle during exercise in patients with type 2 diabetes and in obese and lean controls. Methods Indirect calorimetry was used to calculate fat and carbohydrate oxidation during both progressive arm-cranking and leg-cycling exercises. Muscle biopsies from arm and leg were obtained. Fibre type, as well as O 2 flux capacity of saponin-permeabilised muscle fibres were measured, the latter by high resolution respirometry, in patients with type 2 diabetes, age-and BMI-matched obese controls, and agematched lean controls. Results Fat oxidation was similar in the groups during either arm or leg exercise. During leg exercise at higher intensities, but not during arm exercise, carbohydrate oxidation was lower in patients with type 2 diabetes compared with the other groups. In patients with type 2 diabetes, ADP-stimulated state 3 respiration per mg muscle with parallel electron input from complex I+II was lower in m. vastus lateralis compared with obese and lean controls, whereas no differences between groups were present in m. deltoideus. A higher percentage of type IIX fibres was seen in m. vastus lateralis in patients with type 2 diabetes compared with obese and lean controls, whereas no difference was found in the deltoid muscle. Conclusions/interpretation This study demonstrates similar O 2 flux capacity, fibre type distribution and carbohydrate oxidation in arm muscle in the groups despite the presence of attenuated values in leg muscle in patients with type 2 diabetes compared with obese and lean controls.
Introduction
Insulin resistance is associated with mitochondrial dysfunction in muscle tissue, but the aetiology of this dysfunction, be it insulin resistance per se, chronic hyperglycaemia or accumulation of intracellular lipid, remains unclear [1, 2] . Moreover it is debated whether the mitochondrial dysfunction observed in type 2 diabetes mellitus is caused by damaged mitochondria [3] [4] [5] or simply by a decreased content of mitochondria [6] . There is evidence that lipid accumulation, particularly in muscle and liver, is coupled to insulin resistance [7] and it would therefore seem plausible that mitochondrial dysfunction would be reflected in an attenuated fat oxidation, leading to lipid accumulation. Patients with type 2 diabetes and obese individuals may have a decreased fat oxidation at rest [8, 9] as well as during acute exercise at different exercise intensities [10] . However, other studies report similar fat oxidation during exercise in patients with type 2 diabetes and obese individuals [11, 12] . In line with the latter findings one study reported even a lower carbohydrate oxidation in patients with type 2 diabetes compared with matched controls at higher exercise intensities [13] , which implies similar or even higher fat oxidation during exercise in patients with type 2 diabetes.
The available data in the literature are mainly derived from leg muscle, but recent studies that reported higher glucose clearance in arm compared with leg muscle in patients with type 2 diabetes [14, 15] , together with evidence of heterogeneity in limb fatty acid kinetics in patients with type 2 diabetes compared with controls [16] , imply that arm muscle may be somewhat metabolically different from leg muscle. In the above-mentioned studies, fibre type distribution in arm and leg muscle was not measured, and it is therefore possible that muscle phenotypic differences may underlie altered substrate usage. The concept that heterogeneity of fibre type in the musculature of the lower and upper body because of differences in daily physical activity level may account for differences in mitochondrial function and substrate use remains to be explored. Previous studies have implicated type I fibre content in leg muscle as a critical factor in type 2 diabetes [17] , but this remain to be demonstrated in arm/upper body muscle [14] .
In the present study we investigated whole-body fat and carbohydrate oxidation during arm-cranking or leg-cycling and in resting muscle measured mitochondrial function and fibre type distribution in arm (m. deltoideus) and leg (m. vastus lateralis) muscle in patients with type 2 diabetes and obese and lean controls. Our hypothesis was that substrate oxidation as well as muscle mitochondrial function would be normal in arm muscle compared with healthy controls, but decreased in leg muscle in patients with type 2 diabetes because of a decreased mitochondrial content, indicating that altered substrate usage and mitochondrial function is manifest primarily in locomotor muscle and not in all skeletal muscle in type 2 diabetes mellitus.
Methods

Participants
Twenty-three male individuals were recruited and divided into three groups: patients with type 2 diabetes, obese controls matched for age, weight and BMI, and lean controls matched for age. Daily physical activity level was evaluated by the International Physical Activity Questionnaire (IPAQ) [18] . Patients with type 2 diabetes were treated with diet or oral antiglycaemic agents (metformin, sulfonylurea). All participants had normal hepatic and renal function, evaluated by blood screening. None of the controls had a known family history of diabetes or were on treatment for a disease. All participants were fully informed of the nature and the possible risks associated with the study before informed consent was given. The study was approved by the ethical committee of Frederiksberg and Copenhagen municipality (KF 01 320893), and adhered to the Principles of the Declaration of Helsinki.
Experimental protocol
Participants reported to the laboratory after an overnight fast (10-12 h) at 08.00 hours on three separate days over a 4 week period; each visit was separated by at least 4 days. On the first day, after a 15 min rest, participants underwent a standard 2 h OGTT with blood samples taken before and after 2 h for measurements of plasma glucose concentration (ABL, series 700; Radiometer, Copenhagen, Denmark). This was followed by a whole-body dual-energy X-ray absorptiometry scan (Lunar Prodigy Advance; Lunar, Madison, WI, USA) to determine body composition. An ECG was recorded at rest and during submaximal exercise to exclude individuals with signs of coronary ischaemia. Subsequently an incremental cycling exercise was performed to determine maximal oxygen uptake (V Á O 2max ) (Jaeger ER 800; Würzburg, Germany). On day 2, participants were placed in a supine resting position for 30-45 min, where resting metabolic rate (RMR) was measured by open ventilated hood measurements (Oxycon Pro; Jaeger). After this, a muscle biopsy was obtained from m. deltoideus using a Bergström needle modified for suction [19] . Participants then performed a graded exercise test on a bicycle ergometer to determine maximal fat oxidation (MFO), and the intensity where MFO occurred (FatMax). This test has been described in detail elsewhere [20] . On day 3, participants again rested in a supine position for 30-45 min and a muscle biopsy was obtained from m. vastus lateralis. Subsequently, participants performed a graded exercise test on an arm-cranking ergometer (Lode, Groningen, the Netherlands) commencing at 20 W for 5 min followed by 15 W increments every 3 min until the load was 65 W. After a 5 min break participants performed a maximal oxygen consumption test with the arms, where the initial work load was 65 W and then workload increased 15 W every minute until voluntary exhaustion [21] . The order of the second and third experimental day was randomised, and participants were instructed to eat the same diet the day before each trial. Pulmonary oxygen uptake (V Á O 2 ) and carbon dioxide excretion (V Á CO 2 ) were measured during exercise using an automated on-line system (Oxycon Pro; Jaeger). Before every test a volume calibration and a calibration of the gas analysers using gases of known composition were performed.
Analytical procedures
Muscle biopsies The muscle biopsies were divided into three parts: one part was frozen directly in liquid nitrogen within 15 s after sampling, another part was mounted in a mounting medium (Tissue-Tek; Hounisen Laboratorieudstyr, Risskov, Denmark) and frozen in isopentane cooled by liquid nitrogen. Those parts were stored at -80°C until further analysis. The last part was put in BIOPS (see Kuznetsov et al. [22] for content) and immediately analysed for mitochondrial function.
Citrate synthase (CS) and β-hydroxy-acyl-CoAdehydrogenase activities were measured as described previously [23] . Muscle glycogen content was analysed by the hexokinase method [24] . Muscle triacylglycerol (TG) content was analysed as described elsewhere [25] . Fibre type, size and capillary density were analysed as described elsewhere [26] [27] [28] .
Respirometric protocol A detailed description for measuring mitochondrial respiration has been described elsewhere [22] . Minor changes were made and the temperature in the respirometer (Oxygraph-2k; Oroboros, Innsbruck, Austria) during the measurement was 37°C (physiological temperature). All studies were carried out after hyperoxygenation to avoid any potential oxygen limitation. All the respiration measurements were made in duplicate performed simultaneously. This method makes it possible to study the mitochondria 'in situ' in the cell.
The protocol used for measuring mitochondrial respiration was: resting respiration (state 2, no adenylates present) was assessed by addition of malate (2 mmol/l) a complex I substrate and octanoyl carnitine (1.5 mmol/l) providing electron input to both complex I and II. State 3 was reached by adding ADP (5 mmol/l), adding glutamate (20 mmol/l), another substrate for complex I. Addition of succinate (10 mmol/l) provided electron input to both complex I and II. Intactness of the outer mitochondrial membrane was established by observing no stimulation of respiration after addition of cytochrome c (10 μmol/l). ATP synthase was inhibited by addition of oligomycin (2 µg/ml), and finally uncoupled respiration was reached by titrating carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (0.5 µmol/l) in steps until the maximal uncoupled respiration was established. Complex I substrates are generating NADH and complex II substrates are generating FADH 2 . All chemicals are provided from Sigma-Aldrich (St Louis, MO, USA), Fluka Chemie (Buchs, Switzerland) and Tocris Bioscience (Ellisville, MO, USA).
Blood samples Blood was transferred into tubes containing 0.3 mol/l EDTA (for plasma glucose and NEFA measurements) and trasylol/EDTA (for insulin measurements). Tubes were immediately centrifuged at 4°C for 10 min at 2480×g. The plasma was stored at -80°C until analysis. Insulin in venous plasma was determined using an RIA kit (Insulin RIA100; Pharmacia, Uppsala, Sweden). Plasma glucose was analysed using a conventional commercially available assay on an automatic analyser (Hitachi 612 Automatic Analyzer; Roche, Switzerland). Plasma NEFA concentration was measured using a Wako NEFA-C test kit (Wako Chemical, Neuss, Germany) and determined on an automated analyser (Hitachi 612 Automatic Analyzer). HbA 1c was analysed on a Bayer DCA 2000+ (Bayer Healthcare, Elkhart, IN, USA) using a latex immunoagglutination inhibition method.
Calculations Whole-body fat and carbohydrate oxidation was calculated as described previously [29] . For determination of RMR, data obtained during the hood measurements were used; at least 5 min of the last 15 min measured was used. The HOMA index was calculated as described by Matthews et al. [30] .
Statistics Data are presented as means±SE in all figures and tables. For all statistical evaluations, p<0.05 was considered significant. One-and two-way ANOVAs with repeated measures for the time factor were performed. Significant main effects or interactions were further analysed by the Holm-Sidak post hoc test. Pearson's correlation analysis was performed to establish the presence of correlations. If the normality test failed, the data were log 10 transformed and reanalysed. The statistical analysis was performed using the software program SigmaStat 3.1 (Systat Software, San Jose, CA, USA).
Results
Age did not differ between the groups (Table 1) . In contrast, weight, BMI, lean body mass (LBM) and percent body fat were lower (p<0.05) in lean controls compared with obese controls and patients with type 2 diabetes (Table 1 ). Blood data are provided in Table 2 and muscle data in Table 3 .
Whole-body fat oxidation was similar at all intensities during arm or leg exercise in the groups (Fig. 1a,b) . MFO was also similar in the groups, and was significantly higher during leg-cycling than during arm-cranking in all groups: patients with type 2 diabetes (0. 32 (Fig. 2a,b) . In m. vastus lateralis, state 3 mitochondrial O 2 flux per mg muscle tissue was significantly lower in patients with type 2 diabetes compared with obese controls after adding glutamate. The increase in O 2 flux per mg muscle tissue with addition of succinate was lower (p<0.05) in patients with type 2 diabetes compared with obese and lean controls (Fig. 3a,b) . No differences in proton leak (state 4 respiration) by adding oligomycin was seen (data not shown). State 3 O 2 flux per mg muscle tissue was similar in m. deltoideus in all groups for glutamate and succinate (Fig. 3a,b) . The addition of succinate resulted in a similar increase in state 3 O 2 flux in all groups. In patients with type 2 diabetes, state 3 O 2 flux was similar in m. vastus lateralis and m. deltoideus whereas a higher state 3 O 2 flux was seen in m. vastus lateralis from obese and lean controls compared with m. deltoideus. No cytochrome c response was observed in m. vastus lateralis or m. deltoideus (data not shown). When O 2 flux was normalised for CS activity (index of mitochondrial density) all differences in respiration from m. vastus lateralis between groups disappeared, in contrast to m. deltoideus where lean controls showed a lower (p<0.05) normalised mitochondrial respiration than obese individuals and patients with type 2 diabetes (Fig. 3c,d) .
The percentage of type IIX fibres in m. vastus lateralis was higher (p<0.05) in patients with type 2 diabetes compared with obese and lean controls, and patients with type 2 diabetes showed a lower (p<0.05) percentage of type I fibres compared with lean controls (Table 3 ). Fibre type distribution was similar in m. vastus lateralis in obese and lean controls. Fibre type distribution was not different in m. deltoideus between the groups. In patients with type 2 diabetes a higher (p<0.05) percentage of type I fibres and a lower (p<0.05) percentage of type IIA fibres was observed in m. deltoideus compared with m. vastus lateralis, whereas no difference was observed in lean or obese controls. Data on capillarisation are presented in Table 3 . 
Discussion
A major finding in the present study is that muscle mitochondrial respiration 'in situ' in permeabilised fibres and carbohydrate oxidation during exercise is attenuated in patients with type 2 diabetes compared with lean and obese controls in leg, but not arm muscle. These observations were accompanied by a fibre type distribution with a lower type I and higher type IIX content in leg, but not arm muscle in patients with type 2 diabetes compared with obese and lean controls. However, surprisingly this did not result in a decreased capacity to oxidise fat as measured by gas exchange during exercise with the upper and lower body in patients with type 2 diabetes compared with lean and obese controls. The findings in the present study support the notion that the effect of diabetes on skeletal muscle mitochondrial function and fibre type expression is exerted on the locomotor muscles of the lower limbs and not the muscle of the arms.
Fat oxidation during exercise was investigated using a progressive incremental exercise test and our data clearly demonstrate no difference in fat oxidation across all exercise intensities between patients with type 2 diabetes, lean and obese controls. This is in direct contrast to data from Ghanassia et al. [10] , where a markedly decreased capacity to oxidise fat was observed across all exercise intensities in patients with type 2 diabetes of both sexes compared with controls. Although minor methodological differences are present, where we applied shorter incremental steps of 3 min and Ghanassia et al. used 5 min, our data are supported by other studies that did not find a difference in fat oxidation during exercise between patients with type 2 diabetes and controls, when measured at one exercise intensity [11, 12, 31, 32] . Achten et al. compared protocols applying both 3 and 5 min intervals and did not observe a difference [20] . Basal plasma NEFA concentrations and intramuscular TG content were not higher in patients with type 2 diabetes compared with lean or obese controls. The present data therefore demonstrate that fat oxidation during aerobic exercise is not attenuated in patients with type 2 diabetes compared with lean and obese controls, despite a lower V Á O 2max in patients with type 2 diabetes. It is noteworthy also that, despite lower mitochondrial content and type I fibre content in patients with type 2 diabetes in the present study, fat oxidation during leg exercise was similar in the groups, thus implying that lower mitochondrial content and fat oxidation are not primary factors in the aetiology of type 2 diabetes. The values for MFO during leg exercise in lean controls are similar to those previously reported in young untrained sedentary controls [29] and the relative exercise intensity where it occurs is also in agreement with other studies [29, 33] . To the best of our knowledge, we are the first to report similar MFO determined during progressive arm exercise in patients with type 2 diabetes, and in obese and lean controls. In a prior study it was demonstrated that fat oxidation during arm-cranking was increased after 42 days of prolonged low-intensity training without changes in V Á O 2max [34] . In this study V Á O 2max was lower during upperbody exercise in patients with type 2 diabetes and obese control individuals compared with lean controls, but this did not lead to a decreased fat oxidation during upper-body exercise in patients with type 2 diabetes and obese controls. A prevailing hypothesis in the literature holds that impaired mitochondrial function is a primary cause of type 2 diabetes [4, 6] . Mogensen et al. reported a decreased mitochondrial function in patients with type 2 diabetes compared with matched controls based on experiments performed on isolated muscle mitochondria [4] . In contrast Boushel et al. found a lower mitochondrial respiration per mg muscle in saponin-permeabilised fibres in patients with type 2 diabetes compared with controls but similar muscle mitochondrial function when mitochondrial respiration was normalised to mitochondrial DNA (mtDNA) content per mg muscle or CS activity [6] . The present study corroborates previous findings of a lower mitochondrial respiration in leg muscle in patients with type 2 diabetes, but this pattern is attributed primarily to lower mitochondrial content indicated by a lower CS activity in patients with type 2 diabetes than in lean controls. The lower capillary density per fibre in patients with type 2 diabetes is consistent with a lower mitochondrial content, as these structures are proportionally expressed [35] . The finding that state 3 respiration normalised for CS activity was similar in the legs in the groups when O 2 flux was measured with electron flow through complex I+II implies similar qualitative functional characteristics of muscle mitochondria. Taken together, these findings support the concept that mitochondrial function is not impaired per se in the leg muscles of type 2 diabetes patients, but they do have a reduced mitochondrial content. A critical issue is the procedure used to normalise mitochondrial respiration relative to mitochondrial content. In a recent study .
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. mitochondrial function was impaired in patients with type 2 diabetes when expressed relative to both mtDNA and CS activity [5] , which contrasts with the present results and the findings by Boushel et al. [6] , where mitochondrial respiration was normalised to both mtDNA and CS activity. The above discrepancy cannot easily be explained. However, the finding that the arm muscles of patients with type 2 diabetes have completely normal mitochondrial function and expression, whereas the legs show a consistently reduced expression of mitochondria, clearly highlights that the role of mitochondria in the manifestations of patients with type 2 diabetes requires further attention. Several factors could lead to a decreased mitochondrial content, such as genetic disposition towards a specific fibre type composition and/or an attenuated capacity to tolerate and adapt to physical activity. It has previously been speculated that the upper-body musculature has adapted to be less dependent on muscle usage [14] , possibly as a consequence of the upright posture in which only the legs are used for movement. In the present study a higher percentage of type IIX fibres was found in leg muscle in patients with type 2 diabetes compared with lean and obese controls. However, it was not possible to determine if this was caused by a genetic disposition or because of a lower daily physical activity level or attenuated adaptation to physical activity. In the group with type 2 diabetes patients, five of the eight individuals had a family history of diabetes, but at the same time had similar physical activity levels evaluated by the IPAQ to obese and lean controls, and yet the V Á O 2max was lower in patients with type 2 diabetes. The finding of an increased type IIX fibre content in patients with type 2 diabetes has been reported in some [4, 36, 37] but not all studies [38, 39] . In the present study, fibre type distribution in the arm was similar in all groups and the fibre type distribution in lean controls was in agreement with other previously published values [40] [41] [42] . The present findings in arm and leg muscle therefore support the notion that type I fibre content may be a critical component in type 2 diabetes, as previously suggested [14] . In this study a significantly lower carbohydrate oxidation during exercise at the highest intensities was observed in patients with type 2 diabetes compared with the other groups, despite a similar glycogen content found in all the groups. This is supported by the study of Kang et al., which showed a decreased carbohydrate oxidation in patients with type 2 diabetes compared with obese controls at 70% of V Á O 2max [13] . During arm-cranking, carbohydrate oxidation was similar in the three groups, despite the lower upperbody V Á O 2max and arm muscle oxidative enzyme activity in patients with type 2 diabetes than in lean controls.
Significantly lower values of upper-body V Á O 2max and CS activity compared with lower body were seen in obese and lean controls; these values were similar in patients with type 2 diabetes. The values observed in obese and lean controls are similar to those found in normal untrained individuals where V Á O 2max obtained during arm-cranking corresponds to approximately 70% of the value measured during leg-cycling [43] . Interestingly, maximal coupled O 2 flux per mg muscle tissue showed a similar pattern, where a higher value was present in obese and lean controls compared with patients with type 2 diabetes in the leg muscle but no difference was present in the arm muscle.
Although not significant, the muscle TGs also show this pattern, where stores tend to be lower in lean compared with patients with type 2 diabetes in leg muscle, but not in arm muscle.
A study from our group demonstrated that glucose clearance during a euglycaemic-hyperinsulinaemic clamp was less attenuated in the arm compared with the leg when patients with type 2 diabetes were compared with matched controls [14] . The authors hypothesised that the effect of type 2 diabetes was less marked in the arm compared with the leg and data published later by Reynolds et al. support this contention [15] . Overall our data strongly indicate that the muscle and the substrate handling capacity of the upper body in patients with type 2 diabetes is less affected by type 2 diabetes than the leg and lower body when compared with matched lean and obese controls.
In conclusion, our results show that the reduction found in mitochondrial respiration, oxidative capacity and glucose oxidation in patients with type 2 diabetes is only present in muscles of the leg. The attenuated mitochondrial respiration seen in leg musculature from patients with type 2 diabetes are probably caused by the decreased mitochondrial content found. This supports the lack of dysfunction intrinsic to the mitochondria in patients with type 2 diabetes. Whether it is related to the differences in fibre type distribution, or a decreased muscle use, or a diminished responsiveness to physical activity is not known. Interestingly whole-body fat oxidation is not affected by the disease, which could indicate an unknown compensatory mechanism present in the musculature in the lower body from patients with type 2 diabetes.
